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ELIZABETH WALTON TURNAGE: Gold Nanoparticles: Core Conversion of 
Au144(SCH2CH2Ph)60 to Au99(SPh-CH3)42 Using Aromatic Thiolate Ligands and Crystallization 
of Au99(SPh-CH3)42 
(Under the direction of Dr. Amal Dass) 
 
The purpose of this thesis is to synthesize Au144(SCH2CH2Ph)60 using a two-step synthesis 
reaction, and then using this product to conduct a core conversion from Au144(SCH2CH2Ph)60 to 
Au99(SPh-CH3)42. The Au99(SPh-CH3)42 product will then be used to attempt to form crystals using 
five different crystal set-up methods. Au144(SCH2CH2Ph)60 is made with aliphatic thiolate ligands, 
and when it is placed in a mixture containing excess para-methyl benzenethiol, it undergoes a core-
conversion to Au99(SPh-CH3)42. This is a relatively new nanoparticle, and it is being used to 
hopefully form crystals which can, in turn, give information about its structure. The crystallization 
was unsuccessful with the five different set-ups employed, but the Au99(SPh-CH3)42 structure is 
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LIST OF ABBREVIATIONS 
Au: Gold 
AuNM: gold nanomolecule 
TOABr: tetraoctylammonium bromide 
PMBT: para-methyl benzenethiol  
MALDI-TOF: Matrix-Assisted Laser Desorption/Ionization- Time of Flight 
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Figure 1: MALDI-MS spectra of Au144(SCH2CH2Ph)60, the starting product. The laser is 2500 
intensity, and the peak at ~35 kDa represents pure Au144(SCH2CH2Ph)60. 
Figure 2: MALDI-MS spectra of Au99(SPh-CH3)42 after ten hours. The peak shown at ~24 kDa is 
representative of Au99(SPh-CH3)42. 
Figure 3: UV-Vis spectra of Au144(SCH2CH2Ph)60 and Au99(SPh-CH3)42. Small changes in 
absorption features can be seen at 520 nm and 680 nm on the Au144(SCH2CH2Ph)60 line, compared 
to 380 nm and 620 nm on the Au99(SPh-CH3)42 line. 
Figure 4: Image of attempted Au99(SPh-CH3)42 crystals from set up B, made with toluene and 
acetonitrile and left to crystallize in a refrigerator. Image taken with a 5 zoom.  
Figure 5: MALDI-MS spectrum of the 5-hour sample shot with the 2500 laser. There are two 
prevalent peaks, showing that the core-conversion reaction is in progress. 
Figure 6: MALDI-MS Spectrum of the Au144(SCH2CH2Ph)60 starting material shot with the 3000 
laser. 
Figure 7: MALDI-MS Spectrum of the 5-hour sample shot with the 3000 laser. The two peaks 
show evidence that the core-conversion reaction is in progress. 
Figure 8: MALDI-MS Spectrum of the 10-hour sample shot with the 3000 laser. The most 
prevalent peak provides evidence that Au99(SPh-CH3)42 is present. 
Figure 9: Image of attempted Au99(SPh-CH3)42 crystals from set up A, made with toluene and 
acetonitrile and left to crystallize at room temperature. Image taken with a 5 zoom. 
Figure 10: Image of attempted Au99(SPh-CH3)42 crystals from set up B, made with toluene and 





Figure 11: Image of attempted Au99(SPh-CH3)42 crystals from set up C, made with DCM and 
ethanol and left at room temperature to crystalize. Image is taken with a 2 zoom. 
Figure 12: Image of attempted Au99(SPh-CH3)42 crystals from set up D, made with DCM and 
ethanol and left in a refrigerator to crystalize. Image is taken with a 5 zoom. 
Figure 13: Image of attempted Au99(SPh-CH3)42 crystals from set up E, made with toluene and 
ethanol and in a refrigerator to crystalize. Image is taken with a 2 zoom. 
Figure 14: Image of attempted Au99(SPh-CH3)42 crystals from set up E, made with toluene and 









1.1 Gold nanoparticles properties and usage 
Gold nanomolecules (Au NMs) are extremely small gold nanoparticles, which contain a 
specific number of gold atoms and thiolate ligands. Over the years, Au NMs have been intensely 
studied and show different properties like size-dependence and optical properties.1 Gold 
nanomolecules can be used in a variety of fields.  Gold nanomolecules have oscillating electric 
fields that interact with the free electrons around the molecule that causes an oscillation of 
electronic charge, which is in resonance with visible light.1 Depending on the size of the Au  NMs, 
the color absorbed and reflected can vary. Au NMs have shown properties that can assist in many 
different processes, including electronics, therapeutic agent deliveries, and catalysis.1 For the past 
two decades, research of Au NMs has mainly been in regard to gold atoms interacting with 
aliphatic thiolate ligands. Comparing aliphatic thiolate ligands and aromatic thiolate ligands, 
specifically para-methyl benzenethiol, PMBT, there is a clear aromaticity effect on the 
nanomolecules’ core-size and composition.2  The core-size conversion of Au144(SCH2CH2Ph)60 to 
Au99(SPh-CH3)42 is studied throughout this paper, and the conversion is due to an excess of CH3-
Ph at a specific temperature.  
 
1.2 Au144(SCH2CH2Ph)60 properties 
Au144(SCH2CH2Ph)60 is a nanomolecule with 60 aliphatic thiol ligands and is stable at 
high temperatures and in the presence of excess aliphatic thiol. The Au144(SCH2CH2Ph)60 
particles were grown in a two-phase system, both redox reactions.3 This two-phase system can be 





The AuCl4- is transferred from aqueous solution to toluene using tetraoctylammonium 
bromide as the phase transfer agent.3 It is then reduced with sodium borohydride in the presence 
of PC2SH. After adding the reducing agent, TOABr, the organic phase’s color changes from orange 
to brown in a few seconds, and the inorganic phase has to be pipetted out. The organic phase is 
then placed in an ice bath for around thirty minutes, and then the PC2SH was added. After an hour, 
the ice-cold sodium borohydride dissolved in H2O is added slowly into the flask, and the reaction 
stirs for twenty-four hours.  
After twenty-four hours, the product is placed in the rotary evaporator to remove excess 
toluene and washed with water and methanol once and just methanol two times to get rid of the 
excess thiol, and after completing this step, the crude is formed. The etching process is completed 
after making the crude, and it is done by adding the Au144(SCH2CH2Ph)60  crude, toluene, and 
PC2SH. This mixture is refluxed at 80 °C for just under 24 hours. Size-exclusion chromatography 
was done to purify the Au144(SCH2CH2Ph)60.  
Cluster size of the nanoparticles using the technique described above can be controlled by 
the reaction conditions, not the metal ion reduction kinetics, which is usually the case. The exact 
experimental guidelines are described in steps 1 and 2 of the experimental section.  
Ligand structures control and determine the nanoparticles atomic structure, metal-ligand 
interface, and properties.4 When Au144(SCH2CH2Ph)60 is reacted with para-methyl benzene thiol 
at a certain temperature, it has an exchange of 13 ligands and becomes unstable.5 The structure of 
para-methyl benzene thiol is an organosulfur compound with the formula C5H5SH, and it is 
considered the simplest aromatic thiol.  
The exchange between the SCH2CH2Ph ligand and the PMBT ligand happens at 80 °C, 





structure by changing ligand-ligand interactions.4  From this exchange of ligands, the core 
conversion of Au144(SCH2CH2Ph)60  to Au99(SPh-CH3)42 occurs.5  
 
1.3 Au99(SPh)42 properties 
 Au99(SPh-CH3)42 has a 99-atom core with 42 aromatic thiol ligands. Based on 
experimenting with different aromatic ligands, it was confirmed that only the phenyl group directly 
attached to thiol groups are able to attach with the correct conjugation for the necessary aromatic 
effect to convert Au144(SCH2CH2Ph)60   to Au99(SPh-CH3)42.5 Bulky ligands had no effect on the 
stability of Au144. Some of the main properties of Au99(SPh-CH3)42  are its brown color, its stability 
in air, moisture, and 80 °C in toluene or PMBT, and its high solubility in THF and CH2Cl2.5  
 
1.4 Crystallization of gold nanoparticles 
 The transition from gold nanoclusters to nanocrystals is an area of research that is still 
being explored. While the structure of Au144(SCH2CH2Ph)60 has been determined, the structure of 
Au99(SPh-CH3)42 has not been found yet. Because it has not been determined, the best crystal set-
up for this particular product has not been discovered. Crystal set-ups are usually made by placing 
a small amount of an AuNM and solvent in a 4-mL vial. The 4-mL vial is kept open but placed 
into a 40-mL vial containing a nonsolvent, like acetonitrile or ethanol. The 40-mL vial is tightly 
closed, and the set-up is either placed in a refrigerator or in a space that is consistently room 
temperature. The nonsolvent participates in vapor diffusion, which reduces solubility of the 









MALDI-MS is a matrix assisted desorption mass spectra, and the specific one used is . The mass 
range was taken from 3000 to 100,000 Da with a delay time of 800 nanoseconds. The instrument 
is in linear positive mode, and the matrix used is trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile, DCTB. UV-Visible spectra were recorded with Shamadzu UV-1601 
instrument. The crystals were photographed using an optical microscope.  
 
Step 1: Au144(SCH2CH2)60 crude synthesis  
When synthesizing Au144(SCH2CH2Ph)60, there are two steps- the crude and the etch. A mixture 
of 0.177 grams of HAuCl4 (0.45 mmol), 0.284 grams of TOABr (0.52 mmol), 5 milliliters of H2O, 
and 10 milliliters of toluene is made and added into a 50 mL round-bottom flask. This is spun at 
1200 rpm for fifteen to twenty minutes. This causes a phase transfer, so after the time is up, the 
inorganic phase is pipetted out of the bottom of the flask, leaving the organic phase. The organic 
phase is then spun at 1200 rpm and put in an ice bath for 30 minutes. Next, 186 microliters of 
PC2SH (1.39 mmol) is added to the solution. The mixture stays in the ice bath and is continuously 
spun for an hour. After an hour, 0.171 grams of NaBH4 (4.5 mmol) in 5 milliliters of ice-cold H2O 
is added to the flask. The reaction then runs for 24 hours.  
 





The crude from step 1 is washed with methanol and water, and it is weighed. A mixture is made 
with all of the product from the crude, 1-3 milliliters of toluene, and 1 milliliter of PC2SH. The 
mixture is put in an oil bath at 80 °C and refluxed for no more than 24 hours.  
 
Step 3: Purification of Au144(SCH2CH2Ph)60 
After the etch, SEC can be done to purify the Au144(SCH2CH2Ph)60 if necessary. Only 22-25 
milligrams of the etch product can be put in the column at one time. The product is dissolved in 
THF•BH3 and centrifuged if there are particles. The column is 20 centimeters and the beads are 
Biorad SX1 beads dissolved in THF.  
 
Step 4: Au99(SPh-CH3)42 synthesis 
Depending on the amount of Au144(SCH2CH2)60, use a 15:370 mg ratio for the 
Au144(SCH2CH2Ph)60 and para-methyl benzene thiol, PMBT, respectively. To a 10-mL round-
bottomed flask, add the Au144(SCH2CH2Ph)60 and PMBT along with about 1 mL of toluene. This 
mixture refluxes at 80 °C for 10 hours, with samples taken at the halfway mark. After the reaction 
reaches completion, the product is washed first with water and methanol and centrifuged, then just 
methanol 2 to 3 times. After washing, it is analyzed using MALDI. It is then weighed and stored.  
 
Step 5: Formation of Au99(SPh-CH3)42 crystals 
To set up the five different crystal set ups, a 4-mL vial and a 20-mL vial are used. In the small vial, 
the Au99(SPh-CH3)42 product and a solvent are added. In the 20-mL vial, the nonsolvent is added. 
The five different crystallization set-ups can be made by using the data in Table 1. The crystals 





 Solvent Nonsolvent Room Temperature 
or Fridge 
A Toluene (0.6 mL) ACN (8 mL) Room temperature 
B Toluene (0.6 mL) ACN (8 mL) Fridge 
C DCM (0.6 mL) Ethanol (8 mL) Room temperature 
D DCM (0.6 mL) Ethanol (8 mL) Fridge 
E Toluene (0.6 mL) Ethanol (8 mL) Fridge 
Table 1: Five different crystal set-ups for Au99(SPh)42.  
The small vial is placed inside the 20-mL vial, and the lid is tightly closed. The vapor diffusion 























RESULTS AND DISCUSSION 
 The core-size conversion of Au144(SCH2CH2Ph)60 to Au99(SPh-CH3)42 is a one-step 
reaction involving etching with an excess of aromatic thiol ligands, which renders Au144 unstable. 
The reaction was analyzed before, during, and after using MALDI-MS and UV-Vis.  
  MALDI-MS is a matrix assisted desorption mass spectra, and the specific one used is 
Applied Bio Systems Voyager. The mass range was taken from 3000 to 100,000 Da with a delay 
time of 800 nanoseconds. The instrument is in linear positive mode. Samples were taken for the 
crude product, five-hour sample, and ten-hour sample. The laser intensity was shifted multiple 
times, but the most important intensity values are 2500 and 3000. Increasing the intensity of the 
laser also eases ionization, but increases the fragmentation of the sample. Au144(SCH2CH2Ph)60  
shows a peak at ~28 kDa for the 3000 laser and ~35 kDa for the 2500 laser. For the 2500 laser, the 
five-hour sample shows peaks at ~24.7 and ~34 kDa, which shows that two different species are 
present. There is evidence that Au130(SPh)50 may be present during the core conversion reaction. 
The ten-hour sample shot at 2500 laser shows a peak at ~24.6 kDa, which successfully shows the 
presence of Au99(SPh-CH3)42. For the 3000-intensity laser, the five-hour sample showed two 
peaks, one at ~28.7 kDa and one at 20.8 kDa. The ten-hour sample shows a peak at 20.8 kDa. 
Looking at the 2500-laser samples, the peak that corresponds to ~24 kDa suggests a singly charged 
molecular ion. MALDI can lead to fragmentation. ESI is usually used as to find the exact 
composition of a molecule. Figure 1 and Figure 2, shown on page 11, represent MALDI for the 







Figure 1: MALDI-MS spectra of Au144(SCH2CH2Ph)60, the starting product. The laser is 2500 intensity, and the 
peak at ~35 kDa represents pure Au144(SCH2CH2Ph)60.  
 
 




























 UV-Vis Spectrometry was also used to analyze the starting product and ten-hour samples 
of the reaction. Both Au144(SCH2CH2Ph)60 and Au99(SPh-CH3)42 were analyzed in toluene. The 
differences in the two spectra are easily observed. Au144(SCH2CH2Ph)60 shows absorption features 
at 520 nm and 680 nm, and Au99(SPh-CH3)42 shows absorption features at around 380 nm and 620 




Figure 3: UV-Vis spectra of Au144(SCH2CH2Ph)60 and Au99(SPh-CH3)42. Small changes in absorption features can be 
seen at 520 nm and 680 nm on the Au144(SCH2CH2Ph)60 line, compared to 380 nm and 620 nm on the Au99(SPh-


























The goal of this paper is to successfully make crystals out of Au99(SPh-CH3)42. There were 
five different crystal setups, using different solvents, nonsolvents, and temperatures. The setups 
were left to crystallize for two weeks, and the crystals were photographed using an optical 
microscope. The crystallography did not show any significant crystallization of the Au99(SPh-
CH3)42 nanomolecules. This is the first trial though, and the research on this specific nanomolecule 
is still ongoing. The two nonsolvents used, ethanol and acetonitrile, ultimately decrease the 
solubility of the solvent, which in turn help the AuNMs form crystals. Because only five different 
set-ups were used, there could be a different set-up not yet used that could form the crystals so the 
structure of the Au99(SPh-CH3)42 particle can be determined. Figure 4 on page 14 shows one of 
the crystal pictures taken with an optical microscope, and the rest of the images are located in the 









Figure 4: Image of attempted Au99(SPh-CH3)42 crystals from set up B, made with toluene and acetonitrile and left to 







 Overall, the goal of this paper was to explain and describe the core-size conversion of 
Au144(SCH2CH2Ph)60 to Au99(SPh-CH3)42 using an excess of para-methyl benzene thiol and to 
attempt to make crystals using five different crystal set-ups. The core-size conversion reaction 
made by using excess aromatic thiols was successful, and the results can be seen in the Results 
and Discussion section and in Figures 1, 2 and 3. The results were analyzed using MALDI-MS 
and UV-Vis spectroscopy. While the crystal set-ups were overall unsuccessful, different crystal 
set-ups and trials can be done in the future to correct for any error and to ultimately decipher the 




















LIST OF REFERENCES 
1. “Gold Nanoparticles: Properties and Applications.” Sigma Aldrich, 15 March 2020,  
https://www.sigmaaldrich.com/technical-documents/articles/materials-
science/nanomaterials/gold-nanoparticles.html 
2. Nimmala, Praneeth Reddy, and Amala Dass. “Au 36 (SPh) 23 Nanomolecules.” Journal of 
the American Chemical Society, vol. 133, no. 24, June 2011, pp. 9175–77. DOI.org 
(Crossref), doi:10.1021/ja201685f. 
3. Brust, M.; Walker, M.; Bethel, D.; Schiffrin, D. J.; Whyman, R. J. Chem. Soc., Chem. 
Commun. 1994, 801. 
4. Rambukwella, Milan, et al. “Ligand Structure Determines Nanoparticles’ Atomic 
Structure, Metal-Ligand Interface and Properties.” Frontiers in Chemistry, vol. 6, Aug. 
2018, p. 330. DOI.org (Crossref), doi:10.3389/fchem.2018.00330. 
5. Nimmala, Praneeth Reddy, and Amala Dass,. “Au 99 (SPh) 42 Nanomolecules: Aromatic 
Thiolate Ligand Induced Conversion of Au 144 (SCH 2 CH 2 Ph) 60.” Journal of the 
American Chemical Society, vol. 136, no. 49, Dec. 2014, pp. 17016–23. DOI.org 
(Crossref), doi:10.1021/ja5103025. 
6. “4-Methylbenzenethiol.” Sigma Aldrich, 15 Mar. 2020, 
https://www.sigmaaldrich.com/catalog/product/aldrich/t28525?lang=en&region=US 
7. Yan, Nan, et al. “Unraveling the Long-Pursued Au 144 Structure by x-Ray 











Figure 5: MALDI-MS spectrum of the 5-hour sample shot with the 2500 laser. There are two prevalent peaks, 











































Figure 7: MALDI-MS Spectrum of the 5-hour sample shot with the 3000 laser. The two peaks show evidence that 




Figure 8: MALDI-MS Spectrum of the 10-hour sample shot with the 3000 laser. The most prevalent peak provides 

































Figure 9: Image of attempted Au99(SPh-CH3)42 crystals from set up A, made with toluene and acetonitrile and left to 






Figure 10: Image of attempted Au99(SPh-CH3)42 crystals from set up B, made with toluene and acetonitrile and left 






Figure 11: Image of attempted Au99(SPh-CH3)42 crystals from set up C, made with DCM and ethanol and left at 






Figure 12: Image of attempted Au99(SPh-CH3)42 crystals from set up D, made with DCM and ethanol and left in a 






Figure 13: Image of attempted Au99(SPh-CH3)42 crystals from set up E, made with toluene and ethanol and in a 






Figure 14: Image of attempted Au99(SPh-CH3)42 crystals from set up E, made with toluene and ethanol and in a 
refrigerator to crystalize. Image is taken with an 8 zoom. 
 
  
 
 
 
 
